a Graphical Abstract 1-butyl-3-methylimidazolium tetrahalobismuthates. Chlorobismuthates are colourless. Upon substitution of chloride for bromide or iodide the liquids become progressively more yellow or red. 
the first room temperature 'molten salt' anion. [1] ) cations, which are known to readily form room temperature liquids. [4] Mixtures with the ionic liquid 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C 4 C 1 Im][NTf 2 ]) were also investigated. The chemistry of bismuth in chloroaluminates has been investigated by Ahmed, Köhler and Ruck, however, to the knowledge of the authors there have been no previous reports of pure halobismuthate ionic liquids.
[5]
The most common halometallate ionic liquids consist of a group 13 metal centre. Group 13 metal halides are good Lewis acids and as such readily form complexes with electron donating halides, as is the case for [AlCl 4 ] -. Bismuth also prefers to adopt a 3+ oxidation state due to the inert pair effect and is similarly Lewis acidic due to weak shielding of its nucleus by its 4f electrons. [6] This makes it an excellent candidate as a possible halometallate ion centre, prepared by the addition of a halide ion to a bismuth halide salt. Due to the high molecular weight of bismuth, it was anticipated that the resulting liquids would have higher densities than other metal based ionic liquids. known to exist. [7] Given the chemical similarity of bismuth halides to the group 3 halides, the speciation in halobismuthate ionic liquids may be equally interesting and was investigated using Electrospray Ionisation Mass Spectrometry (ESI), Liquid Secondary Ion Mass Spectrometry (LSIMS), Matrix-assisted Laser Desorption/Ionization Mass Spectrometry (MALDI) and X-Ray Photoelectron Spectroscopy (XPS).
A common issue with ionic liquids is that they can be very viscous, which was found to be the case for the halobismuthate ionic liquids investigated in this study. When mixed with water the liquids formed a white solid, presumably containing mixed bismuth (III) oxy halide compounds, however no degradation of the liquids was observed when left open to the air even after a period of several months. This is in stark contrast to the well-understood haloaluminate ionic liquids, which hydrolyse immediately upon contact with moisture in the air. It should also be noted that bismuth itself, despite being a 'heavy metal', is non-toxic.
[9]
Density
The densities of the liquids are remarkably high ( Figure 2 and It is unclear whether TGA mass loss is due to decomposition or vaporisation of the liquids, or a combination of these processes. The fact that T onset values are well below the boiling points of the composite bismuth halides (BiCl 3 , BiBr 3 or BiI 3 which boil at 447 °C, 453 °C and 542 °C respectively) suggests that mass loss is primarily due to decomposition. [12] 
Glass transition temperature (T g )
The liquids [ [13] The T g of all the ionic liquids was well below the melting points of the component compounds, suggesting that new chemical species had formed.
Viscosity
The room temperature viscosities of [C 3 Cl] from 648 Pa s to 1.37 Pa s, making it convenient to handle at room temperature. Thus, the viscosity of these mixtures was far lower than the parent halobismuthate ionic liquid, yet the density was still high and the thermal stability was not compromised (Figure 2 ). Below 50 mol% of the halobismuthate ionic liquid, the mixtures were no longer stable and the [BiBr 3 Cl] -ion appeared to separate into Cl -and BiBr 3 , which precipitated as a yellow solid.
Alternatively, the viscosity can be reduced by increasing the temperature. The effect of temperature on viscosity is shown in Figure 3b . As expected, there is a dramatic decrease in viscosity as the temperature is increased. At 85 °C the viscosity of pure [C 4 C 1 Im][BiBr 3 Cl] drops to 2.82 Pa s. Given the good thermal stability of the liquids, raising the temperature is clearly an effective method for reducing the viscosity of halobismuthate liquids.
As water content is known to have a substantial effect on viscosity, prior to viscosity measurements the liquids were dried overnight in a dessicator at <0.1 mbar and then stored under dry nitrogen. The water content of the liquids was measured immediately after exposure to the ambient atmosphere and then again after 10 minutes and 30 minutes. [8] Water uptake was extremely slow; 
X-ray Photoelectron Spectroscopy (XPS)
Two pieces of information available from XPS are of use in this study: composition and electron binding energies. Binding energies are used to determine the number of electronic environments present in the samples, and are of primary interest here. In addition, the composition by XPS is compared to the expected bulk stoichiometric composition to check that the samples were of high purity.
For the composition, relative sensitivity factors (RSFs) from Kolbeck et al. are used for all elements apart from bismuth (Table 3 ). These RSFs were determined for a range of ionic liquids. [14] Note that the Kolbeck RSFs for Cl and Br were determined for Cl 2p and Br 3d peak areas, whereas here the Cl 2p 3/2 and Br 3d 5/2 peak areas are used; therefore, the Kolbeck RSFs are multiplied by 2/3 to account for the different peaks used. The RSF for Bi used is 4.25, taken from Wagner et al. [15] The error in experimental composition is estimated as ±10%. The information depth (ID) of XPS experiments can be defined as the depth, within the sample, from which 95% of the measured signal will originate. ID is assumed to vary mainly with cosθ, where θ is the electron emission angle relative to the surface normal. If it is assumed that the inelastic mean free path (λ) of photoelectrons in organic compounds is of the order of ~3 nm, at the kinetic energies employed here the ID in this geometry can be estimated, when θ = 0°, ID = 7-9 nm. [16] Consequently, these data may be considered as representative of the bulk composition and do not reflect any local enhancements of concentration at the near surface region. . This oxygen contamination is likely to be due to X-ray degradation of the sample, or the presence of water impurity in the solid. Therefore, it can be concluded that the compositions of the ionic liquids probed by XPS match well with the nominal compositions; therefore, information about the electronic environments of the ionic liquids can be obtained with good confidence that ionic liquids were of high purity.
To be able to directly compare binding energies for different ionic liquids, it is necessary to charge correct all XP spectra. For a wide range of imidazolium-based ionic liquids, the C alkyl 1s peak has successfully been used for charge correction.
[18] For all five ionic liquids studied here, two distinct peaks with a shoulder at higher energies are observed for C 1s region ( Figures S15-S19) , as expected based upon previous results for XPS of imidazolium-based ionic liquids. [18] In addition, there is a very broad shake-up feature at ~293 eV, also as expected for [C n C 1 Im] + -based ionic liquids (where n ≥ 2).
[18c] Therefore, there are three different electronic environments for carbon atoms in all five of the ionic liquids studied here. The lower energy peak is assigned as C alkyl 1s; the higher energy peak and shoulder are assigned as C hetero 1s. All C 1s XP spectra are fitted with three peaks, and give a very good fit (Figures S15-S19 , which is a solid at room temperature, four peaks are observed in the Bi 4f region, which corresponds to two electronic environments. The binding energies for the Bi 4f 7/2 peaks are 159.7 eV and 157.1 eV, which are due to the ionic liquid and bismuth metal respectively (bismuth metal 4f 7/2 reference = 157.1 eV). [19] It is very likely that the bismuth metal was formed by X-ray damage (or low energy electrons produced by the X-rays 
Speciation
Due to the labile nature of the bismuth-halogen bond, it is expected that a number of different anionic species might form in bismuth halometallates, as with haloaluminates. [7] Mass spectra (section 2.1) indicate that when more than one halide element is present, the ligands are randomly distributed amongst the bismuth ions. ) are seen. The relative abundance of these peaks is low (2% to 5%) while monomeric species still dominate. It is unclear whether this is because the dimers readily fragment upon ionisation or whether their relative abundance in the liquid is similarly low. XP spectra only detect the presence of one bismuth environment and are not able to distinguish the presence of differently coordinated bismuth centres or bismuth dimers in a single liquid.
Experimental

Synthesis of halobismuthate compounds
All ionic liquids were prepared in approximately 10 g quantities by mixing a dialkylimidazolium halide salt with a bismuth halide salt in the desired molar ratio. The halide ion from the imidazolium salt transferred onto the bismuth salt to form the halobismuthate ion. The reagents were stirred under vacuum (<10 -1 mbar) at 100 °C until a homogeneous liquid had formed (5-30 min). 
Density
Density measurements were made gravimetrically using a 1 ml volumetric flask calibrated against ultrapure water.
Viscosity
Steady shear rheology experiments were performed on a stress-controlled shear rheometer (T.A. Instruments, model AR-G2), with a 40 mm diameter cone-plate with angle 2° 0' 11'' and a gap of 52 μm. The viscosity was measured over a range of temperatures, controlled by the inbuilt Peltier plate.
Mass spectrometry
ESI mass spectrometry was performed on a Waters 'LCT Premier' mass spectrometer. LSIMS mass spectrometry was performed on a 'Micromass AutoSpec Premier' mass spectrometer. MALDI mass spectrometry was performed on a Micromass 'MALDI-ToF' mass spectrometer.
NMR spectroscopy
NMR spectra were recorded on Bruker Avance-400 ( 1 H (400 MHz), 13 C (100 MHz)) NMR spectrometers. Chemical shifts are reported in ppm (relative to the DMSO-d6 residual peak).
Thermo gravimetric analysis (TGA)
TGA spectra were obtained on a PerkinElmer 'Pyris 1 TGA' Thermogravimetric Analyzer, using platinum sample pans of 6 mm diameter. Temperature-ramped TGA experiments were carried out for ionic liquids in the range of 80 °C to 700 °C. Between 5 mg and 15 mg of the ionic liquid was measured into the platinum pan. A drying procedure was implemented: the ionic liquid was heated to 80 °C for 30 minutes in the TGA apparatus, in order to remove water. The drying procedure was justified since the onset decomposition temperature of each compound is substantially higher (at least 180 °C) than the 80 °C drying temperature, and the drying period is short. Therefore, actual decomposition of each ionic liquid during the drying period will be negligible. A ramping rate of 10 o C min -1 and a nitrogen flow of 20 ml min -1 were used for all temperature-ramped experiments.
Water content
Water content was measured using a Mettler Toledo V20 Volumetric Karl Fischer Titrator.
XPS
XPS was carried out using a Thermo K-alpha spectrometer utilising Al Kα radiation (1486.6 eV) and a quartz crystal monochromator set in a 250 mm Rowland circle. The X-ray spot was focussed at the sample to a size of 400 μm. The base pressure was 10 -9 mbar, and the analyser was a double focusing 180° hemisphere with mean radius 125 mm which was run in constant analyser energy mode. The pass energy was set to 200 eV for survey scans and 20 eV for high resolution regions. The detector was a 128 channel position sensitive detector. The energy scale of the instrument was regularly calibrated using a three point (Cu, Ag, Au) scale. Drops of the samples were placed directly onto a stainless steel plate. These were placed in a loadlock and the pressure reduced to 10 -7 mbar by pumping down overnight if necessary. There was no significant outgassing or boiling of the samples during this process. After attaining the required pressure, samples were transferred to the analysis chamber. Where necessary, etching was carried out using a 500 eV Ar ion gun. Charge compensation was achieved using a dual beam flood gun which applies both electrons and low energy Ar + ions to the sample. Given that bismuth is used extensively in synthetic chemistry, as are haloaluminates, it is likely that halobismuthate ionic liquids could be used in synthetic applications. [6, 25] The room temperature electrochemical deposition of bismuth may also be possible. Various engineering applications are envisaged for these liquids in light of their combination of very high density, chemical stability, stability at elevated temperatures, low volatility, and moderate viscosity. The experimental values were derived from XP spectra taken at θ = 0°. The RSFs were taken from ref [14] and [15] . C N-C-N refers to the carbon atom at the C 2 position of the imidazolium ring; C hetero refers to all other carbon atoms bonded to a heteroatom, in this case nitrogen (i.e. C 4 , C 5 , C 6 and C 7 ). Bi metal (ref [19] ) 157.1
Cation
BiF 3 (ref [19] ) 161.0 BiI 3 (ref [19] ) 159.5 
